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Photon pairs produced in spontaneous parametric down-conversion are naturally entangled in
their transverse spatial degrees of freedom including the orbital angular momentum. Pumping a
non-linear crystal with a zero order Gaussian mode produces quantum correlated signal and idler
photons with equal orbital angular momentum and opposite signs. Measurements performed on one
of the photons prepares the state of the other remotely. We study the remote state preparation in
this system from the perspective of its potential application to Quantum Thermodynamics.
I. INTRODUCTION
Light beams can have orbital angular momentum
(OAM) [1, 2] and two or more photons can be prepared
in entangled states of this degree of freedom [3]. OAM
is a discrete and infinite dimension degree of freedom,
making it suited for applications in classical and quan-
tum communications [4], among others. At the same
time, Quantum Thermodynamics [5] is a growing field
that explores the connections between Thermodynamics
and Classical and Quantum Information theories, where
the experimental platforms are still rare. The use of all
optical schemes [6] is highly attractive due to the avail-
able technologies for manipulating and controlling sev-
eral degrees of freedom of light. In particular, the use
of OAM mode was recently used [7, 8] to demonstrate
the two-measurement protocol for studying the quantum
version of Jarzynski’s fluctuation relation [9, 10].
The role of quantum correlations and coherence in
Quantum Thermodynamics has been approached in re-
cent works [11–13]. Despite these initiatives, it is still
unclear the range of advances that quantum correlations,
entanglement and coherence can bring to the understand-
ing of the basic concepts and potential applications in
this field. Here, we produce photon pairs in spontaneous
parametric down-conversion that are naturally entangled
in OAM and use them in the remote state preparation
of single-photon thermal states. Thermal statistics is ac-
tually present in the vast majority of light sources, like
the sunlight, firelight and incandescent light bulbs. How-
ever, this statistics concerns the number of photons in
an optical mode [14]. What we demonstrate here is the
preparation of heralded single photon states presenting
thermal statistics concerning the population probability
of OAM modes. Instead of an optical single mode with
several photons, as it is usual in Quantum Optics, we
deal with single photons populating several modes.
The thermal states prepared remotely might become
a useful tool for the study of Quantum Thermodynam-
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ics using single photons as the working substance. We
illustrate this potential utility analyzing a few processes
applied to these thermal states. Another possibility using
this scheme is the remote preparation of a thermal-like
state possessing coherences. These are states with the
same populations as a Gibbs state, but having also co-
herences. We discuss possible applications of this kind of
state.
II. STATE PREPARATION
Spontaneous parametric down-conversion (SPDC) is a
nonlinear optical process in which a pump photon is con-
verted into two photons usually called signal and idler.
The quantum state describing signal and idler is given by
a pure state [15] and can be written in a simplified form,
as an entangled state of the OAM degrees of freedom [16]:
|ψ〉 =
∑
`a,`b
C`a,`b`p |`a, `b〉, (1)
where `p, `a and `b are the pump, signal and idler OAM
indices, respectively. C`a,`b`p are coefficients accounting
for the phase matching function and the OAM of the
pump beam.
We are interested in the particular case where the ra-
dial order is always p = 0, and `p = 0, so that the state
in Eq. (1) can be well approximated by
|ψ〉 =
∞∑
`=−∞
C|`| |+ `,−`〉ab, (2)
where C|`| ≡ C`a=+`,`b=−``p=0 . This is an infinite dimen-
sional entangled state where signal and idler modes have
the same ` with opposite signs. It is known that the
coefficients C|`| decrease with increasing |`| following an
exponential decay law [16]. Our aim is to identify the
state of Eq. (2) with a nonlocal thermal state of the form
|ψ〉ab =
∞∑
`=−∞
√
e−β`
z
|+ `,−`〉ab, (3)
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2where ` = (|`| + 1)~ω is the energy and the coefficient
e−β(|`|+1)~ω/2/
√
z takes into account the normalization of
the quantum state by means of the “partition function”
z. The factor (|`| + 1)~ω gives the energy as long as
the radial number vanishes (p = 0). Therefore, β(|`| +
1)~ω is the ratio between the quantum of orbital angular
momentum (in units of energy) and the thermal energy
kBT = β
−1 (see the discussion presented in Ref. [7],
where this identification is justified in detail). The global
square root is introduced because this is an amplitude
and not a probability. Eq. (3) is a sort of thermally
weighted entangled state. By tracing over idler (signal)
photon OAM degrees of freedom, one obtains a remotely
prepared local thermal state in the signal (idler) beam, in
the form
ρtha(b) =
∞∑
`=0
e−β(|`|+1)~ω
z
|`〉〈`|b(a). (4)
Eq. (4) shows that the spiral bandwidth defined in
Ref. [16] allows the interpretation of the bipartite SPDC
entangled state as a source of local thermal states given
that the OAM of one of the parts is traced out. In the
following we present an experiment demonstrating this
remote state preparation.
III. EXPERIMENT
FIG. 1: Sketch of the experimental set-up. After down-
conversion, signal and idler photons are directed to SLMs
and afterwards coupled to single-mode optical fibers, and
then detected by single-photon counting modules (SPCM).
Coincidences are registered between signal and idler detec-
tion events.
Figure 1 shows the sketch of the experimental set-
up for demonstrating the remote preparation of single
photon vortex thermal states. A 405 nm diode-laser
pumps a Beta Barium Borate (BBO) crystal and spon-
taneous parametric down-conversion takes place accord-
ing to type I phase matching. Signal and idler beams
propagate through collimating lenses with focal length f
= 25 mm situated at 25 mm from the crystal. Signal
and idler beams are directed to spatial light modulators
(SLM), where their wavefronts can be modulated. When
the applied modulation is such that the OAM of the input
beam is raised or lowered, the output photon can even-
tually be coupled to a zero order (` = 0) OAM optical
mode. In this case, and only in this case, the photon will
be coupled to a single-mode optical fiber. The output of
the fibers in the signal and idler modes are then coupled
to a single-photon-counting-module (SPCM). Notice that
this scheme allows the measurement of the OAM of sig-
nal and idler photons by scanning the SLMs, rising and
lowering the OAM and counting the number of photons
coupled to the fiber for each applied mask. For instance,
applying a mask L+m that performes the raising opera-
tion `→ `+m detects photons in modes with ` = −m.
For the generation of thermal states, say in the signal
beam, we should trace over the idler OAM degres of free-
dom. In this case, the idler SLM is disabled and the op-
tical fiber is replaced with a bucket detector. The OAM
measurement scheme is used only for the signal photons.
When an idler photon count happens, the presence of a
signal photon is heralded and prepared in a thermal state
like Eq. (4).
The scheme with OAM measurements in both signal
and idler photons can be used for preparing another type
of heralded single photon state, given by:
|ψ〉 =
∞∑
`=−∞
e−β`
z
|`〉, (5)
where ` = (|`|+ 1)~ω.
The preparation of this state is achieved by using the
idler SLM to apply superpositions of raising and lowering
operations with appropriate weights:
L →
∑
m
cm(L+m + L−m), (6)
where the coefficients cm =
e−βm
z follow a thermal distri-
bution. This generates a remotely prepared signal pho-
ton, which is a pure state having the same populations
(i.e. the diagonal elements of the density matrix in the
energy basis) as a thermal state but also having coher-
ences. We suggest that this kind of state can be useful
as a resource in Quantum Thermodynamics processes,
in the same fashion as negative temperature [17] and
squeezed [18] heat baths.
IV. RESULTS
A. Remote preparation of single photon vortex
thermal states
Figure 2 shows a normalized distribution of coincidence
counts between signal and idler photons as a function of
the OAM. This results were obtained by pumping the
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FIG. 2: OAM distribution for heralded idler photons gated
by signal photons with traced OAM. A thermal distribution
was fitted to the experimental data (solid line).
crystal with an ordinary Gaussian laser mode that has
` = 0 and performing the detection of the idler photons
with a bucket detector, which traces out the OAM. The
signal photons were directed to the SLM and then to
the fiber, so that the OAM measurement scheme was
applied. Therefore, Figure 2 shows the OAM spectrum
for the heralded signal photon. As the photon counting
statistics is Poissonian, the error bars are the standard
deviation and therefore the square root of the coincidence
counting rate.
Fitting the data to a thermal distribution like
p(`) =
e−α(|`|+1)
Z
, (7)
where α = β~ω. Defining kB = 1, we can infer the
effective temperature of the single photon state and ob-
tain the with respect to ~ω normalized inverse thermal
energy. This is not a Thermodynamic temperature. It
concerns the parameter of the Gibbs state, which is usual
for describing thermal states of quantum systems.
Due to the degeneracy for all energy levels except
` = 0, we can write the partition function as Z−1 =(
eα tanh α2
)
. In Fig. 2 this fit to the thermal function
is displayed by the solid line. This result shows that the
measurements are compatible with a thermal distribu-
tion, and that the positive and negative parts are ap-
proximately symmetric. This distribution was found to
have α ≈ 0.25.
According to Ref. [16], the decay rate of the expo-
nential can be changed by varying the diameter of the
pump beam inside the crystal. This is equivalent of tun-
ing the effective temperature. In order to demonstrate
it, we have used an optical telescope in the pump beam
before the crystal in order to decrease its diameter. This
change is supposed to decrease the effective temperature
of the thermal distribution. In Fig. 3 we show a compar-
ison between the OAM distributions for the two beam
diameters/temperatures.
The ratio between the diameters is 3 and the effec-
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FIG. 3: OAM distribution for heralded idler photons without
(black circles) and with reduced pump beam diameter (red
triangles). Thermal functions were fitted to the experimental
data (solid lines).
tive temperature changed from α1 ≈ 0.25 to α2 ≈ 0.49,
recalling that α is a parameter linked to the inverse tem-
perature, so that decreasing the beam diameter increases
α and cools down the photonic mode structure. We also
compute the average dimensionless energy defined as
〈E〉
~ω
=
1
~ω
∑
`
p(`)ε(`) , (8)
where p(`) is the measured probability for each ` and
ε(`) = (|`|+ 1)~ω is the energy for each `.
The energies for the two different beam diameters are
〈E1〉/~ω ≈ 4.34 and 〈E2〉/~ω ≈ 3.00.
V. EFFECT OF TURBULENCE
We would like to illustrate the utility of a single pho-
ton thermal state by submitting it to some physical pro-
cess. Being an optical system, the propagation through
a turbulent atmosphere that couples different input and
output OAM modes is an interesting process. The prop-
agation through a turbulent atmosphere can be simu-
lated with a SLM [19] using a phase mask designed to
reproduce Kolmogorov turbulence. Figure 4 shows the
recorded distribution with and without a weak turbu-
lence process. The input thermal distribution has an
inverse temperature α1 ≈ 0.34. The distribution after
the process is slightly out of equilibrium and in order
to provide some figure of merit concerning the deviation
with respect to the equilibrium state, we calculate the
Kullback-Leibler (KL) divergence, which is defined as
DKL (pf (`)||pm(`)) = −
∑
`
pm(`) log
(
pm(`)
pf (`)
)
, (9)
where pm(`) and pf (`) are probability distributions. We
calculate this divergence between our recorded distribu-
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FIG. 4: Measured OAM distribution for heralded idler pho-
tons without (black circles) and with (red triangles) a weak
atmospheric turbulence. A thermal distribution was fitted to
the experimental data.
tion and the probabilities taken from the thermal state
fitted to that distribution. We can therefore quantify the
divergence between our measured distributions and the
respective thermal equilibrium state.
The distributions are truncated at ` = 10. For the
input state, KL divergence is DKL(i) ≈ 0.015 meaning
that it is approximately a thermal state, while for the
output distribution DKL(o) ≈ 0.027. This shows that
the output state is not very far from a thermal state in
what concerns the populations. In fact, the process may
have created superpositions of states, which would take
the system out from equilibrium. The resulting OAM
distribution is fitted to a thermal distribution and an
inverse temperature α ≈ 0.28 is found. Therefore, the
turbulence seems to heat up the system, as intuitively
expected. In order to see this, we recall that a photon
at zero temperature, or infinite β, corresponds to a pure
and very clean Gaussian mode, while a hot photon corre-
sponds to a distribution with considerable contributions
from several higher order modes.
We have also computed the average energies. For the
input state, we find 〈E〉 ≈ 3.56~ω and after the process
〈E〉 ≈ 4.13~ω. We can see that the process produces a
small deviation from the equilibrium state and a small
change in the average energy.
We apply the same process to the coherent thermal
state (Eq. (5)) when the idler SLM applies a mask real-
izing the operation described in Eq. (6). The process of
turbulence produces a much stronger effect on this state
as compared to the thermal one. This is probably due to
interference effects allowed by the coherences in the state.
Figure 5 shows the unperturbed input coherent thermal
distribution and two measured distributions for different
turbulence masks but the same scintillation strengths.
The scintillation strength is related to a parameter in Ko-
molgorov turbulence that essentially controls the length
scale of the phase modulations in the turbulence mask.
It is possible to generate several different masks with the
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FIG. 5: Measured OAM distributions for the prepared co-
herent thermal state, without (black) and with two different
turbulences of the same strength (red and blue).
same scintillation strength.
Applying turbulence masks to the coherent thermal
state using several different turbulence masks of the same
strength and summing over the recorded distributions,
we note that the state tends to return to a thermal state,
as we can see in Fig. 6. These results were obtained af-
ter summing the measured distributions for 10 different
turbulence masks. Fitting a thermal distribution to the
recorded data without and with applied turbulence re-
sults in inverse temperatures of α1 ≈ 0.76 and α2 ≈ 0.38
respectively.
VI. MEASUREMENTS WITH DIFFERENT
SIZES OF THE IDLER DETECTOR APERTURE
In the measurements presented so far the idler detector
was completely opened and therefore, the trace over the
idler OAM states is performed. However, if the detector
is partially opened, the tracing operation is also partial
and the modes with higher OAM are not detected. We
have analyzed the effect of the partial tracing by placing
an iris in front of the idler detector and varied the detec-
tor’s diameter. We have used diameters of 1.5 mm, 1.0
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FIG. 6: OAM distribution for the heralded signal photon of
the unperturbed coherent thermal state (discs). OAM distri-
bution after averaging over several measurements with differ-
ent turbulence masks of the same scintillation strength (tri-
angles).
mm and 0.58 mm. Figure 7 shows the results for these
measurements.
The results show that all distributions still follow the
shape of a thermal distribution and that the smaller the
diameter, the lower the temperature. In the limit case,
where the idler detector is practically closed, the system
temperature will tend to zero (pure state with the only
contribution ` = 0). This behavior is explained by the
fact that there is a direct correlation between signal and
idler OAM and the collection of lower OAM in the idler
should result in a colder distribution in the signal.
The KL divergence, average energies and inverse tem-
peratures for the four distributions in Figure 7 are a)
detector completely opened (discs): td ' 0.014, 〈E〉 '
3.40~ω, α ' 0.35; b) 1.5 mm aperture (triangles):
td ' 0.015, 〈E〉 = 2.51~ω, α ' 0.59; c) 1.0 mm aper-
ture (squares): td ' 0.036, 〈E〉 = 2.33~ω, α ' 0.77; d)
0.58 mm aperture (crosses): td ' 0.054, 〈E〉 = 2.23~ω,
α ' 0.84.
This analysis indicates that there is another convenient
control parameter for the temperature of the heralded
signal photon OAM distribution besides the diameter of
the pump beam in the crystal.
VII. CONCLUSION
In conclusion, we present a method for remote state
preparation of single photon (vortex) thermal states
based on the orbital angular momentum degree of free-
dom. We demonstrate experimentally that the heralded
single photon state has an exponentially decaying struc-
ture that can be adjusted to a thermal distribution. We
also show that the temperature can be tuned by chang-
ing the diameter of the pump beam inside the non-linear
down-conversion crystal or the diameter of the idler de-
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FIG. 7: OAM distributions for different aperture sizes before
the photon detector; opened detector (discs), 1.5 mm (trian-
gles), 1.0 mm (squares), 0.58 mm (crosses). Thermal distri-
butions were fitted to the experimental data (solid lines).
tector in the non-local process. We submit the prepared
state to a turbulence processes and analyze the output
state. The turbulence performs work on the system and
drives it out of equilibrium.
This study advances the knowledge on how to use this
optical system to experimentally study Quantum Ther-
modynamics.
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